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Abstract 
A hybrid fibre and free space optical (FSO) communication link using digital pulse position 
modulation (DPPM) in a wavelength division multiplexing (WDM) system is proposed. Such 
a system, which could provide a power efficient, robust and flexible solution to high speed 
access networks, is a contender for a passive optical network (PON) solution and could readily 
be deployed in areas with restrictions in optical fibre installation, or alternatively as a disaster 
recovery network. However, the effects of interchannel crosstalk, which is common in WDM 
systems, and atmospheric turbulence-induced scintillation, limit the performance of such 
system. Both impairments, which could combine in some cases to further degrade the system 
performance, are investigated here. Specifically, the symbol error probability, the required 
optical transmission power and power penalties are derived. Furthermore, the required 
performance of the demultiplexers in terms of adjacent channel rejection is studied with respect 
to the FSO link length. A simple relationship between the turbulence attenuation and crosstalk 
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is derived to facilitate demultiplexer selection in the design and analysis of practical systems 
without forward error correction (FEC) coding. Results also show that DPPM systems are more 
power efficient than OOK systems in the presence of crosstalk accentuated by atmospheric 
turbulence. 
  
1  Introduction 
The optical fibre transmission spectrum provides huge and unregulated bandwidth immune 
from electromagnetic interference, with low signal attenuation around the 1550 nm wavelength 
region [1], and is the medium of choice for high speed access networks. Optical fibre 
technology is well developed in access networks, and can potentially support high speed 
transmission to users in their homes and offices [2]. Thus optical fibre is commonly found in 
optical interconnects, point-to-point links between local area networks (LANs) and within 
passive optical networks (PONs) [3-5], and is easily compatible with most 
multiplexing/multiple access techniques. Other benefits of fibre networks include low signal 
attenuation and low cost compared to the previously used twisted-pair copper cables found in 
digital subscriber loop systems [1, 6]. In some cases however, it may not be possible to lay 
fibre due to infrastructural barriers or for environmental reasons [7], or due to a need for rapid 
deployment, and an alternative optical communication network may be required. 
In many cases free space optical (FSO) communication links are easier and cheaper to deploy 
than optical fibre links [2, 8]. FSO communication systems have been widely applied in inter-
satellite and deep space communications and have recently received more interest in terrestrial 
communication with specific applications such as pre-deployed back up link, rapidly deployed 
disaster recovery link and enterprise connectivity e.g. LANs and wide area networks (WANs) 
[2, 4, 8]. Such systems provide extra flexibility and relative ease of upgrade as the user need 
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changes, and have increasingly been proposed as promising solutions to high speed 
transmission in the last mile of optical access networks [9]. FSO communication however 
requires line of sight between transceivers and, for terrestrial (atmospheric) application, system 
performance is adversely affected by attenuation (due to atmospheric particles), beam 
spreading and turbulence-induced scintillation [10-13].  
Wavelength division multiplexing (WDM) has application in both optical fibre and FSO 
systems [1, 2, 4]. With WDM PON, fixed wavelengths are assigned to each optical network 
unit (ONU), thus more fully exploiting the high transmission bandwidth available in the optical 
domain and avoiding the synchronisation and threshold acquisition required in the burst mode 
upstream of time division multiplexing/time division multiple access (TDM/TDMA) systems 
[14, 15]. Compared to TDM/TDMA PONs, WDM PON systems offer other advantages to the 
users such as low loss, greater security and longer reach, and are increasingly being considered 
as the primary solution to the continuous rise in bandwidth demand in access networks [16, 
17]. In contrast to space division multiplexing (SDM), WDM supports network resource 
sharing, which generally reduces implementation cost. Furthermore, unlike TDM and CDM 
where the system bit rate and chip rate may be higher than the end user’s data rate, WDM 
systems enable simultaneous transmission by all users at full system bit rate only limited by 
the electronic processing speed [1].  
Digital pulse position modulation (DPPM) has successfully been applied in fibre, intersatellite 
and deep space optical communication systems and is a strong contender for terrestrial FSO 
systems [18, 19]. Several studies on FSO systems show that digital pulse modulation schemes 
are more power efficient schemes compared to on-off-keying (OOK) and are well suited for 
FSO communication systems where dispersion is negligible [11, 20-22]. Although when 
compared to DPPM, anisochronous digital pulse modulation schemes like DPIM and DH-PIM 
offer improved bandwidth efficiency and synchronisation, DPPM offers a better average 
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optical power requirement efficiency which is necessary in complying with eye safety 
limitations [22], and also provides better error rate performance [21]. Furthermore, at lower 
coding level (for example at coding level of 2 or 1), DPPM bandwidth efficiency is comparable 
to that of other digital pulse modulation schemes as shown by results in [22]. Consequently, 
DPPM has been considered for use in WDM systems in [23, 24], and for PON systems in [15], 
but would have a better application in coarse WDM systems where the additional bandwidth 
expansion is less problematic. 
Interchannel crosstalk in a WDM DPPM system was considered in [25] for a non-turbulent 
channel. A hybrid fibre and FSO WDM system using DPPM, possibly presents a more feasible 
solution in some scenarios to high bandwidth users than a fibre or FSO only system. Such a 
system combines the numerous advantages of both fibre and free space optical communication 
with digital pulse position modulation and wavelength division multiplexing techniques and is 
analysed for the first time in this paper. Modelling the hybrid fibre and FSO WDM DPPM 
system is non-trivial; the combined effect of the different impairments on system performance 
is complex. Particularly, the random fluctuations in both signal and crosstalk powers due to 
turbulence under various DPPM coding levels could lead to high power penalties.  
 
2  Network Structure 
The network components as shown in Fig. 1 include a transmitter module which comprises of 
a laser driver (LD) and laser for optical signal generation, the input message signal (data) and 
a PPM modulator (PPM Mod) and a receiver module made up of a photodetector (PD), 
electrical amplifier and filter (EA) and the integrate and compare circuitry (ICC) for system 
decision. Thus the system is intensity modulated and the signal is received by direct detection. 
The downstream collecting lens may include an optical bandpass filter (OBPF) (shown in Fig. 
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1d) to limit background ambient light, while the demultiplexer (demux) inherently performs 
the optical bandpass filtering in the upstream direction. With DPPM, the system does not 
require dynamic tracking of a threshold unlike for some OOK systems [26], and it could exist 
in a PON configuration and possibly include an optical amplifier (OA) to improve the receiver 
sensitivity and extend the network reach [15]. The optical line terminator (OLT) is linked to a 
remote node (RN) via a feeder fibre and optical signals are distributed to the various optical 
network units (ONUs) through a turbulent free space channel. An automatic pointing and 
tracking system including a transmitting lens and focusable collimators or beam expanders [27] 
is used to launch the light exiting from the fibre end at the remote node or the transmitter at the 
ONU to free space. By using an automatic tracking and pointing subsystem, a narrow transmit 
divergence angle is achieved through adjusting the position and focal lengths of the lenses [27, 
28]. The signals are received via a collimator with collecting lens at the opposite end. The 
collecting lenses are assumed to be widely spaced but appropriately orientated and aligned with 
the respective transmitting lenses such that signal from one wavelength is not received at 
another wavelength through the wrong collecting lens. In this way, it is easy to avoid 
intrachannel crosstalk. The optical amplifier, downstream demultiplexer (demux) and upstream 
multiplexer (mux) are conveniently located at a remote node, while the upstream demux and 
downstream mux are located at the OLT. This choice for the OA position limits the possibility 
of fibre non-linear effects occurring during the downstream transmission since the signal would 
not be boosted before going into the fibre.  
Interchannel crosstalk occurs due to the imperfect nature of the demux (in the OLT for 
upstream transmission or the remote node for downstream transmission). Additionally, 
turbulence puts more stringent demands on the rejection of non-signal wavelengths by the 
demux (as a mean signal-to-crosstalk ratio of e.g. 25 dB could vary widely above and below 
that value due to the independence of turbulence on signal and crosstalk paths). However in 
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the upstream, the signals experience turbulence from different atmospheric links and perhaps 
different turbulence regimes before the interfering signal is coupled onto the path of the desired 
signal, hence the crosstalk is caused by a turbulent interfering signal and is more destructive. 
The downstream transmission is different though, as the interfering signal is coupled onto the 
path of the desired signal before both signals are subjected to the same atmospheric turbulence. 
Thus the crosstalk is not worsened by the turbulence in the downstream.  
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Fig. 1 Optically Preamplified WDM DPPM Network: (a) Upstream system diagram (b) 
Upstream functional diagram (c) Downstream system diagram and (d) Downstream 
functional diagram 
 
 
3  Turbulence Channel Modelling 
The effects of turbulence are characterized using the gamma-gamma (GG) probability density 
function (pdf), which is given as [10, 13, 29] 
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where 
dZ
hh   or 
i
h  is the attenuation due to atmospheric turbulence for the desired signal or 
interferer respectively,   is the effective number of large-scale eddies of the scattering process, 
  is the effective number of small-scale eddies of the scattering process, )(
n
K  represents the 
modified Bessel function of the second kind, order n and )(  is the gamma function. The 
Rytov variance 2
R
  distinguishes the various link turbulence regimes (weak turbulence (WT) 
1
2
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R
 , moderate turbulence (MT) 12 
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 , strong turbulence (ST) 12 
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 ), and is given by [10, 29] 
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free space link length [10, 13].  
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where 
fsoRX
lkDd 4
2
  is the normalized receiver collecting lens (RCL) radius and 
RX
D  is the 
RCL diameter. The turbulence induced scintillation of the desired signal and interferer are each 
treated independently for the upstream as each is transmitted over different free space path, 
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however, for the downstream transmission, both signal and interferer exit the same RCL and 
travel over the same physical path. 
The fibre loss is 
10)(
10
ff
l
f
L

  and the free space loss is 
10)(
10
fsofso
l
fs
L

  where f and fso  
are the attenuation coefficients of fibre and free space respectively (in kmdB ), and fl  is the 
fibre link length (in km). The nominal demux loss 
demux
L  /multiplexer (mux) loss 
mux
L  is about 
3 dB [5, 30], while the interferer’s demux loss 
idemux
L
,
 is the additional loss that interferer 
experiences upon coupling to the desired signal wavelength port, and also defines the signal to 
crosstalk ratio (in the situation when the input signal and crosstalk power are equal). The free 
space transmission beam spreading loss in dB for a small transmitter aperture in the presence 
of turbulence is written as [10, 13, 27]. 
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ld   [13, 27] defines the beam diameter due to diffraction only and 
TX
  represents the 
transmitter divergence angle for either the desired or interfering signal. 
A coupling loss is encountered at the interface between the free space link and the fibre link. 
Assuming that the fibre ends connected to the multiplexers are within the RCL focal plane, the 
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c
  is given by [31] 
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where 12.1a  is the coupling geometry parameter, expressed as the ratio of the RCL radius to 
the back-propagated fibre mode radius, and optimum for a fully coherent incident plane wave 
in the absence of turbulence [31], 42
RXRX
DA   is the RCL area, 2
cc
A   is the spatial 
coherence area of the incident wave, with radius 5322 )46.1( 
fsnc
lkC , )(
0
I  is a modified 
Bessel function of the first kind, order zero. 
 
4  DPPM Crosstalk Modelling  
A DPPM frame consists of Mn 2  equal time slots of duration 
bs
nRMt  , where M is the 
coding level and 
b
R  is the data rate. For example, at binary data rate of 2.5 Gbps, the DPPM 
frames shown in Fig. 2 for 2M  contain four slots each and thus the pulse in each frame 
represents a 2-bit word transmitted at slot rate of 5 GHz. In WDM DPPM systems, the 
bandwidth expands with increasing coding level and appropriate spacing is required between 
the wavelengths for systems with high coding level. At 2M , the bandwidth expansion of the 
system is minimum, therefore this analysis is performed at 2M which represents a practical 
trade-off. 
For analytical convenience, assuming that only slots of crosstalk and signal align during 
reception, there is the possibility for the crosstalk frame to misalign with the signal frame by 
1, 2 or 3 slots, or to fully align with the signal frame (i.e. 0or  3 ,2 ,1
1
n  as shown in Fig. 2). 
Thus during signal frame reception, the interfering signal frame is also being received either in 
full alignment with the signal frame or misaligned by 1, 2 or 3 slots. And, although there is 
only one pulse in the interfering signal frame, the desired signal may be impaired by zero (Fig. 
2, 1
1
n ), one (Fig. 2, 2 and 0
1
n ) or two (Fig. 2, 3
1
n ) crosstalk pulses depending on the 
position of the pulse in the interfering signal frame and the pattern of (mis)alignment with the 
desired signal frame. This condition which neglects partial slot misalignment was referred to 
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as only slots aligned (OSA) in [25], and leads to a quick approach which predicts sensible 
results for both single and multiple crosstalk sources. 
 
 
Fig. 2 Illustration of different frame misalignments between crosstalk and signal in DPPM 
WDM FSO receiver with M = 2, (n1 = 1, 2, 3 and 0 are optional misalignment forms) 
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contribute some amount of crosstalk to signals on other wavelengths. The effects of crosstalk 
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However, the analysis is useful wherever we have the possibility of turbulence-accentuated 
crosstalk. A typical scenario where the single interferer model could be applied is in a system 
where one interferer is much nearer to the remote node compared to the other interferers. In 
such case, there is significant asymmetry in crosstalk power of the interferers and the single 
dominant interferer could be used for the system performance calculations. In addition, since 
the effect of a single interferer with high power is worse than that of many interferers with 
equivalent power [25], multiple interfering signals could be lumped into a single wavelength 
and equivalently modelled as a single crosstalk to present the worst case performance. 
For the upstream transmission, the received DPPM rectangular pulse power at the 
photodetector input for the desired signal and the interferer are respectively written as 
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and the single polarisation ASE power spectral density (PSD) at the photodetector input for the 
desired signal and the interferer are respectively written as 
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where G  and NF  are the optical amplifier gain and noise figure respectively, h  is Planck’s 
constant,   and i  are the optical frequencies of the desired signal and interferer respectively.  
Also, for the downstream transmission, the received DPPM rectangular pulse power for the 
desired signal and the interferer are respectively written as 
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and the single polarisation ASE PSD at the photodetector input for the desired signal and the 
interferer are respectively written as 
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LLLhNFGN )1(5.0       (14) 
bsfsidemuxdemuxiio
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Following [11, 18, 25], the general equations for the upstream transmission are derived below 
in (16) - (20), the equations for the downstream are recovered by replacing the attenuation due 
to atmospheric turbulence for the desired signal/interferer (
d
h ,
i
h ) with 
Z
h .  
The means and variances of the random variables both representing the integration over the 
slot that contains only the signal pulse, only crosstalk pulse, both signal and crosstalk pulses 
and no pulses (i.e. empty slot) are derived and respectively written as: 
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where sig/int = 0 or 1 depending on the presence of signal/crosstalk pulse in the slot or not, 2th  
is the DPPM thermal noise variance,  hR  , 
ii
hR  ,   is the photodetector quantum 
efficiency, q  is the electron charge, sto tmBL   is the product of spatial and temporal modes 
[11], 
o
B  is the demux or optical bandpass filter (OBPF) channel bandwidth and 
t
m  is the 
number of ASE noise polarisation states. The means and variances have been derived with 
modifications to account for crosstalk–ASE beat noise assuming the interferer and the desired 
signal experiences the same ASE noise at the amplifier output [32]. 
Given that each symbol has equal probability of being transmitted in a slot, the probability that 
a symbol is successfully received in the presence of crosstalk and atmospheric turbulence 
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hhPhhP   where ),(),( idrlwe hhP  is the symbol error probability in the 
presence of crosstalk and turbulence, }2,1,0{l  and }1,0{r  denote the number of crosstalk 
occurring in the signal frame and signal pulse slot respectively. Following the same treatment 
as [25], one can write that: 
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where jX  represents the content of the non-signal slot int,0X , and 
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Assuming that the random variables
int,1
X  and 
int,0
X  are Gaussian, the expression 
),(
int,1int,0 id
hhXXP   using the GA, is of the general form [11, 25] 
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5  BER Analysis 
In a WDM DPPM system with a single interferer, there may be no crosstalk pulse in the signal 
frame (for example, compare the signal frame in Fig. 2 with the crosstalk frame when 
1
n  = 1). 
Furthermore, one or two crosstalk pulse(s) may possibly impair the signal frame (compare the 
signal frame in Fig. 2 with the crosstalk frame when 
1
n  = 2 or 3). However, only one crosstalk 
pulse can hit a single slot in the signal frame. 
The BERs conditional on turbulence and crosstalk frame overlap (
1
n ) for the upstream and 
downstream are respectively written as 
 ),()0(),()1(
)1(2
)( ),,(
)0,()()1,()(1)(1 idlwelsidlwelslfidU
hhPphhPp
n
n
npnhhBER
l


   (21) 
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and 
 )()0()()1(
)1(2
 )(),(
)0,()()1,()(1)(1 ZlwelsZlwelslfZD
hPphPp
n
n
npnhBER
l


    (22) 
where )( 1)( np lf  denote the probability of l  crosstalk pulses hitting the signal frame (calculated 
the same as in [25]), and 
1
n  is the number of slots in crosstalk frame 1  that overlap the signal 
frame. Also )()( rp ls  denote the probability of r  out of l  crosstalk pulses hitting the signal slot 
so that the probability that a crosstalk pulse hits the signal pulse slot nlp ls )1()(  and the 
probability that crosstalk pulse(s) hit an (unspecified) empty slot nlnp ls )()0()(  . The no 
crosstalk symbol error probability )(
)0,0( dwe
hP  is treated the same as in [25], ),()1,( idlwe hhP  and 
),(
)0,( idlwe
hhP  are calculated using (19) for 1r  and 0 respectively, and represent word error 
contributions when the interferer and the desired signal have experienced turbulence from 
different (i.e. assumed independent) atmospheric links as in the upstream. Both )()1,( Zlwe hP  and 
)(
)0,( Zlwe
hP  are calculated using (19) for 
Zid
hhh   (i.e. where the interferer and the desired 
signal have travelled the same turbulence path like in the downstream), and for 1r  and 0 
respectively. 
The overall BER in the presence of crosstalk and turbulence for the upstream is thus calculated 
by summing up all the error contribution calculated from (21) for all values of l  and averaging 
over all values of crosstalk frame overlap (
1
n ) and both the turbulence pdfs for the desired 
signal and the interferer. It is written as 
idiiGGddGG
l
idU
n
n
U hhhphpnhhBER
n
BER
l
d d  )(  )( ),,( 
1
,,
2
0
1
0
1
00 1
 

 


   (23) 
Also the overall BER in the presence of crosstalk and turbulence for the downstream is 
calculated by summing up all the error contribution calculated from (22) for all values of l  and 
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averaging over all values of 
1
n  and the turbulence pdfs for only the desired signal. It is written 
as 
ZZdGG
l
ZD
n
n
D hhpnhBER
n
BER
l
d )( ),( 
1
,
2
0
1
0
1
0
1
 
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 
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     (24) 
For fixed misalignment of crosstalk and signal frames, (23) and (24) are modified to exclude 
the requirement for averaging over all values of 
1
n , and then calculated for the value of 
1
n  that 
correspond to the fixed misalignment. 
6  Results and Discussion  
Bit error rate (BER), required optical transmission power and power penalty results are 
presented using parameters reported in Table 1. The DPPM coding level 2M  is used for all 
calculations to keep the bandwidth expansion low while still maintaining the attractive features 
of DPPM. The required optical power referred to in this work represents the transmitter power 
at the OLT (for downstream transmission) and ONU (for upstream transmission). A 
transmission power of 20 dBm is considered safe for free space transmission around the 1550 
nm wavelength region [33]. Refractive index structure constant ranging from 3/2162 m 0 1 nC  
to 3/213 m 0 1   are used for free space optical link length of 200 m to 2000 m, corresponding to 
Rytov variance ( 2R ) range of  10 x 04.1
-4  to 10.7  and covering all the turbulence regimes. 
Aperture averaging is incorporated in the turbulence model for scintillation mitigation through 
the use of (3) and (4). Amplifier saturation based effects, fibre dispersion and other 
nonlinearities are neglected in the analysis, and a perfect extinction ratio is assumed for the 
OOK calculations. The thermal noise variance is back calculated using the DPPM bandwidth 
expansion factor MB M2
exp
  [34], such that 2
exp
2
OOKthDPPMth
B

   and A 10 x 7 -7OOKth  is 
obtained from a model of a PIN receiver with Gbps 5.2
b
R  at BER of 1210   assuming a 
sensitivity of dBm 23  [6]. Background ambient light power is considered negligible for a 
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receiver using small area collecting lens with small field of view and narrow optical noise 
bandwidth, and operating at 1550 nm [35]. The mux/demux channel bandwidth is assumed to 
be 76 GHz, with insertion loss of about 3.5 dB and adjacent channel spacing of 100 GHz in the 
C-band of the ITU (International Telecommunication Union) grid specification. Demux 
adjacent channel rejection values typically ≤ -15 dB and ≥ -45 dB have been demonstrated 
experimentally in [36-38] and are considered. As seen in [25], the impact of a single high power 
crosstalk is worse than that of many crosstalk of equivalent power. Thus in this work, a single 
crosstalk source from a dominant interferer is studied. 
Table 1: Physical parameters used for calculations 
Parameters                           Description                                                        Value 
b
R                                         Binary data rate                                                  2.5 Gbps 
o
B                                         Demux or OBPF channel bandwidth                 76 GHz 
sig
                                        Desired signal wavelength                                 1550 nm 
TX
                                        Transmission divergence angle                          0.2 mrad 
RX
D                                       Receiver collecting lens diameter                      13 mm [39] 
                                           Receiver quantum efficiency                             0.8 
f
l                                          Feeder fibre link length                                      20 km 
fs
l                                          Maximum free space link length                       2 km 
f
                                         Fibre attenuation                                                0.2 dB/km 
fs
                                        Free space attenuation (clear air)                       0.2 dB/km 
G                                          Optical preamplifier gain                                   30 dB 
NF                                        Optical preamplifier noise figure                       4.77 dB 
t
m                                         ASE noise polarisation states                             2 
demux
L                                    Signal demux/mux loss                                      3.5 dB [5, 30] 
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The upstream BER curves for a single interferer at both strong and weak turbulence are shown 
in Fig. 3 for signal and interferer FSO link length of 1500 m. For this particular result, we 
considered an optically preamplified receiver without any other losses, to clearly show the 
effects of crosstalk alone, turbulence alone and turbulent crosstalk. The Rytov variance ( 2
R
 ) 
is fixed for a particular curve and the transmitter power for the signal and interferer are assumed 
to be the same so only the demux adjacent crosstalk rejection loss )(
, idemux
L  is responsible for 
the crosstalk. The crosstalk effect is seen to be small without turbulence even for a demux with 
poor adjacent channel rejection (15 dB). However in the presence of turbulence, either for the 
signal or for the interferer or both, the crosstalk effect is more prominent and results in error 
floor as seen in Fig. 3c. The error floor occurred at a much lower BER (not shown for 35.02 R
) for non-turbulent signal with turbulent interferer (Sig,TurbXT) because the power of the 
turbulent interferer is reduced by the demux channel rejection ratio.  
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Fig. 3. Upstream BER versus Average Received Optical Power (dBm) for ST and WT with 
2
R
  fixed for each curve: (a) L
demux,i 
= 15 dB (b) L
demux,i
 = 25 dB and (c) L
demux,i 
= 15 dB 
(b) 
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As a result of the random fluctuation in received irradiance, atmospheric turbulence can 
increase or decrease the value of the desired signal or interferer pulse at decision time. 
Therefore, the error floor occurs when turbulence has increased the interfering signal (and 
hence the crosstalk power) value in the empty slot or attenuated the desired signal pulse value 
in the signal slot, to a sufficiently significant extent. This happens at high signal power when 
the effect of (other) noise on the system is negligible. To understand it properly firstly consider 
the extreme situation of a noiseless (i.e. no ASE beat, thermal, shot etc) system. In such a 
system for the times the crosstalk power is even fractionally bigger than the signal power, due 
to turbulence, there is a perfect detection of crosstalk resulting in a BER, for the signal, of 0.5. 
Equally, once the signal is bigger than the crosstalk, there is perfect signal detection with BER 
equal to 0. Thus, the error floor is simply given by )  ( 5.0 powersignalpowercrosstalkprob  . This, 
under the assumption of equal long term average powers at the demux input, occurs for 
idemuxd
Lh
,
  for turbulent signal with non-turbulent interferer, 
idemuxi
Lh
,
1  for non-turbulent 
signal with turbulent interferer, and 
idemuxdi
Lhh
,
1  for turbulent signal with turbulent 
interferer. The BER value where the error floors occur is thus determined by both the 
turbulence strength and the demux channel rejection (which directly controls the crosstalk 
power). Before the error floors occur, the system performance is limited by noise (ASE beat, 
thermal, shot etc.) and an increase in the signal-to-noise-ratio (SNR) of the system improves 
the BER. Similarly at low power, the noise dominates the signal and worsens the BER. 
However, in a noiseless system, the BER over the whole power range (e.g. in Fig. 3c) would 
be constant and equal to the BER value at which the system is limited by the combined effect 
of turbulence attenuation and crosstalk power.  
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The upstream and downstream required optical power at target BER of 10-6 is shown in Fig. 4 
as a function of FSO link length and transmitter divergence angle for both OOK and DPPM 
systems. The interferer demux rejection is 35 dB and both interferer and signal are at the same 
distance from the remote node. The required optical power for the DPPM system is seen to be 
lower than that of the OOK system for all turbulent regimes considered. This result is consistent 
with the findings in the non-turbulent model which show that DPPM requires less power 
compared to OOK in a WDM free space system [25]. In Fig. 4a, the required optical power 
increases with the Cn
2 and FSO link length due to the perceived increase in turbulence strength 
as either or both parameters increases. This is not always the case, as will be seen and explained 
in later results. However, the increase in required optical power with respect to transmitter 
divergence angle and Cn
2 is a continuous trend owing to increase in beam spreading loss. 
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Fig. 4. Required Optical Power (dBm) for ST and WT at L
demux,i 
= 35 dB versus: (a) FSO 
Link Length (m), mrad 2.0
TX
  and (b) Transmitter Divergence Angle (mrad), m 2000fsol  
 
In Fig. 5, the required optical power for upstream transmission is considered for various 
interferer and signal FSO link length at target BER of 10-6 and demux rejection of 35 dB. The 
result in Fig. 5 is of the same form as previously obtained OOK results [12], and reveals that 
the effect of turbulence-accentuated crosstalk is worse when the interferer is closer to the 
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remote node compared to the desired signal. This is because the interfering signal experiences 
less loss on average and hence becomes stronger than the desired signal before the demux taken 
into account. Thus at certain interferer FSO link length, it is impossible to attain the target BER 
and an error floor occurs as seen in Fig. 5a. The target BER is achievable at reduced Cn
2 of 
3/216
m 0 1
  value for every location within the FSO link length considered in Fig. 5b, with the 
required optical power rising as the position of the desired ONU moves away from the remote 
node. Therefore, it is highly important for a network designer to determine the closest distance 
to the remote node each ONU should be in order to obtain the required system performance 
with adequate consideration to the demux adjacent channel rejection ratio. For example, using 
a demux with adjacent rejection ratio of 35 dB as seen in Fig. 5a, when the interfering user is 
500 m away from the remote node, then the desired ONU cannot be more than 1000 m away 
from the remote node for the target BER to be met at all turbulence regimes. To avoid some of 
these issues, a power control algorithm may be included in the system to monitor each ONU 
transmit power relative to the distance from the remote node and ensure that the same power 
is received at each user’s receiver collecting lens as shown in the OOK model. 
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Fig. 5. Required Optical Power (dBm) for the upstream as a function of the FSO link lengths 
for signal and interferer (m) at L
demux,i 
= 35 dB and target BER = 10-6 
 
(b) 
(a) 
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In Fig. 6, the demultiplexer figure of merit in terms of adjacent channel rejection is considered 
for various interferers FSO link length at target BER of 10-6 and under different turbulence 
conditions. The FSO link length for the desired signal is fixed at 2000 m which is the maximum 
FSO link length considered in this work. It is clearly seen in Fig. 6a that if the desired ONU is 
positioned at 2000 m away from the remote node, then for another ONU (interferer) to be at 
500 m to the remote node, a demux with adjacent rejection ratio greater than 45 dB is required 
so that the target BER is met for all turbulence regimes. Alternatively, the interfering user may 
be located at 1500 m from the remote node and a demux with 35 dB adjacent rejection ratio is 
used to meet the targeted BER performance. The target BER is easily achieved at weak 
turbulence condition as seen in Fig. 6b. 
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Fig. 6. Upstream Required Optical Power (dBm) as a function of demux channel rejection 
and interferer’s FSO link (m) at lfso,sig = 2000 m and target BER of 10-6 
 
(b) 
(a) 
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The Rytov variance is related to scintillation index and is normally used for turbulence 
characterisation. It is directly related to the FSO link length and Cn
2 (see (2)) and gives an 
indication of the turbulence strength. Thus in Fig. 7, the required optical power for upstream 
transmission at target BER of 10-6 is examined for variable Cn
2 values and as a function of 
either FSO link length or demux loss (adjacent channel rejection). In Fig. 7a, error floor are 
seen gradually increasing as Cn
2 increases and/or interferer’s distance from the remote node 
decreases, indicating positions where the target BER is not achievable. However, the floor 
disappears in Fig. 7b with both the desired signal and interferer permanently positioned at 2000 
m from the remote node.  
As noted before, the Rytov variance constantly increases with Cn
2 and FSO link length. 
However, It has been shown experimentally that the scintillation index and hence optical 
turbulence strength does not continuously increase with the Rytov variance [10, 40]. Generally, 
as the Rytov variance increases, the turbulence strength increases until a maximum is reached 
at a point referred to as the focusing regime [10] where the worst effect of random focusing is 
achieved. After this point, continued increase of the Rytov variance leads to loss of spatial 
coherence and a gradual decay in the scintillation index up to the saturated turbulence regime 
where it approaches unity [40]. This behaviour is responsible for the rise and fall in the required 
optical power along the Cn
2 axis in Fig. 7.  
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Fig. 7. Upstream Required Optical Power (dBm) as a function of the refractive index structure 
constant (Cn
2) at target BER = 10-6: (a) lfso,sig = 2000 m (b) lfso,sig and lfso,int = 2000 m 
 
(b) 
(a) 
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The required optical power as a function of the interferer demux loss and refractive index 
structure constant for DPPM system is compared with OOK system in Fig. 8. The FSO link 
length for the signal and interferer are fixed at 1500 m so that the system operation is moved 
closer to the focusing regime for the Cn
2 values considered. It is seen that the DPPM system 
requires lower optical power compared to the OOK system for all values of Cn
2 and Ldemux,i 
used in the analysis. In Fig. 8a, for target BER of 10-6 and Ldemux,i of 35 dB, the single crosstalk 
effect is clearly seen worsening as the turbulence strength increases for both the OOK and 
DPPM systems. The system performance at different target BER values is examined for OOK 
and DPPM in Figs 8b and 8c. The result shows that for target BERs of 10-9, 10-6 and 10-3 to be 
met at all turbulence regimes, the system requires demultiplexer with adjacent channel rejection 
greater or equal to 47 dB, 32 dB and 18 dB respectively. With forward error correction (FEC) 
implemented in most recent practical systems, operation at BER of 10-3 is becoming feasible 
and demultiplexers with 18 dB rejection is readily available. 
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Fig. 8. Required Optical Power (dBm) for the upstream as a function of the refractive index 
structure constant (Cn
2) and interferer demux channel rejection at lfso = 1500 m 
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The power penalty results are shown in Fig. 9 for lfso,sig = 1500 m. Unlike the non-turbulent 
WDM DPPM versus OOK crosstalk results in [25], Figs 9a and 9b indicate that the OOK 
system has slightly lower power penalty compared to the DPPM system under strong 
turbulence. As shown in Fig. 9a, with no interferer the DPPM power penalty is greater than the 
OOK power penalty by 0.2 dB, and increasing to 0.5 dB as the turbulence strength increases. 
This reduction in DPPM sensitivity over OOK systems in the presence of turbulence has been 
reported in [11], with no interferers. The difference between the power penalties of both 
systems is reduced in the presence of interferers (see Fig. 9a). And under no turbulence as seen 
in [25] or under weak turbulence as seen in Fig. 9c and 9d, the power penalty for the DPPM 
system tends to be lower than that of the OOK system. As shown in Fig. 9d, an interferer that 
is closer to the remote node causes more crosstalk to other users farther away, even at low 2nC  
value. Thus in the absence of power control, user positioning should be considered as an 
important design parameter. 
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(c) 
 
(d) 
Fig. 9. Power penalty (dB) for the upstream as a function of the refractive index structure 
constant (Cn
2) and interferer demux channel rejection at lfso,sig = 1500 m 
7  Conclusion  
The performance of a WDM DPPM system in the presence of turbulence-accentuated crosstalk 
is studied in this paper for the first time. Obtained results for required optical power and power 
penalties are compared with simple OOK NRZ system for a single crosstalk source. For all 
turbulence regimes, DPPM systems require lower optical power compared to OOK systems, 
but suffers a small loss in sensitivity as the turbulence strength increases. The existence of 
turbulence-accentuated crosstalk for the upstream transmission which somewhat restricts the 
relative distances between the remote node and both the interferer and the desired user for a 
specified target BER and demultiplexer adjacent rejection ratio is established in the results. 
Error floor occur in turbulent WDM DPPM systems with crosstalk and the relationship between 
the turbulence and the crosstalk at the onset of the error floor is shown in our analysis. Forward 
error correction (FEC) would benefit greatly the system in dealing with error floors and 
improving the achievable target BER as have been seen in other FSO systems. 
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